Soil organic carbon (SOC) plays an important role for soil quality and its conservation is affected by the land-use change (LUC) associated with sugarcane (Saccharum officinarum) expansion. This study was based on the hypothesis that: (i) LUC from perennial crops (e.g., coffee and citrus) and extensive pasture to sugarcane plantation results in depletions of soil carbon (C) stock and its quality; and (ii) transition of annual crops to sugarcane increases soil C stock and improves its quality. Therefore, the objective of this study was to assess changes in soil C stocks and the humification levels of soil organic matter (SOM) upon conversion of different land uses (coffee, citrus, annual crop and pasture) into sugarcane plantation in the Mococa region, northeast of São Paulo state, southern Brazil. The experiment was conducted within commercial farms and experimental design is comprised of a farming system involving four scenarios of land-use transition to sugarcane (e.g., paired areas). Soil samples were collected to a 1-m depth (0-10, 10-20, 20-60 and 60-100 cm), and the equivalent layers of 0-20 and 0-100 cm were obtained for each paired area. SOC decreased in 3 years ranged from 124.5 to 99.8 Mg C ha À1 for the 0-100 cm layer following the conversion of coffee to sugarcane. Conversion of citrus to sugarcane depleted soil C stock from 147.7 to 113.1 Mg C ha À1 for the 0-100 cm layer after a 4-year period. Conversion of pasture into sugarcane was comparatively less adverse in terms of soil C stocks, with depletion only for the 0-20 cm layer from 30.3 to 17.0 Mg C ha À1 in 8 years. Regarding the conversion from annual crop to sugarcane, there was no difference in soil C stock among land uses at any soil depths. Laser-Induced Fluorescence Spectroscopy (LIFS) showed a high stage of humification of SOM with increase in the magnitude of depletion of soil C stock, and vice versa. Increases in humification stages of SOM were observed from the top to the deepest layers for most of the land-use systems. Overall, conversions of perennial tree crops (e.g., coffee and citrus) into sugarcane increased the humification levels of SOM in sub-soil, except when sugarcane replaced pasture. The latter had lower humification of SOM in the surface layers of soil because of intensive tillage associated with sugarcane planting operations. Thus, the short-term maintenance of straw had a minor impact in improving soil C accumulation as well as reversing the increased oxidation level of SOM induced by sugarcane expansion. Further, our study suggests the need of assessing the Contents lists available at ScienceDirect Agriculture, Ecosystems and Environment j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / a g e e impacts of LUC on soil C budget to deep sub-soil layers in agricultural systems. Finally, the data indicate that expansion of sugarcane over coffee and citrus agrosystems may impact the sustainability of ethanol production because of LUC-induced depletion of soil C stock and degradation of soil quality.
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Introduction
Assessment of anthropogenic carbon dioxide (CO 2 ) emissions and their redistribution in the global carbon (C) budget (e.g., atmosphere, ocean, and terrestrial biosphere) is important to development of strategies to mitigate greenhouse gas (GHG) emissions. The global C budget averaged over the last decade (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) was 91% caused by fossil fuels and industry (9.0 AE 0.5 Pg C year À1 ), and 9% by land-use change (0.9 AE 0.5 Pg C year À1 ). The growth rate in atmospheric carbon dioxide (CO 2 ) increased to 4.4 AE 0.1 Pg C year À1 for the same period, and both ocean (2.6 AE 0.5 Pg C year
À1
) and land (3.0 AE 0.8 Pg C year À1 ) CO 2
sinks increased approximately similar to that of the increase in atmosphere (Le Quéré et al., 2015) . Soil organic carbon (SOC) is a large component of the global C cycle (Lal, 2004a) and its management affects the atmospheric CO 2 levels (Lal, 2004b) . A long-term solution in developing alternatives to fossil fuel has been the renewable energy sources, such as the Brazilian sugarcane (Saccharum officinarium) ethanol (Goldemberg, 2007) , which also accelerates the expansion of new agricultural lands. Brazil is a leading producer of sugarcane ethanol with a total cultivated area of around 9.1 million hectare (Mha) in the 2015/ 2016 season, and São Paulo State accounts for over 52% of the total area (5). The sugarcane ethanol production is projected to increase from the current 21-61.6 billion liters by 2021, and an additional 6.4 Mha of sugarcane area would be required to meet the demand (Goldemberg et al., 2014) . Despite numerous strategic advantages of sugarcane ethanol through replacement of fossil fuels (Börjes-son, 2009; Seabra et al., 2011) , the rapid expansion of sugarcane plantation has raised questions regarding its sustainability (Lapola et al., 2010) .
The land-use change (LUC) and agricultural sectors have been the major source of GHG emissions in 2005, being responsible for $80% of total emissions in Brazil (MCTI, 2010) . However, the recent report from the Brazilian government presented a decrease of 85% in GHG emissions from the LUC sector between (MCTI, 2014 , which is mostly attributed to the reduction in deforestation in Amazonia region (Nepstad et al., 2014) . Assessing the impact of LUC of about 4 Mha during 2005-2010 in southcentral Brazil, Adami et al. (2012) observed that $95% of sugarcane expansion has occurred on pastures (69.7%), annual crops (25%) and citrus (1.3%).
The potential benefits of biofuels to offset C emissions depend strongly on the LUC triggered by the expansion of bioenergy crops (Lapola et al., 2010) . Biofuels can create a "carbon debt" and reduce the C savings achieved by replacing fossil fuels, depending on how they are produced (Fargione et al., 2008; Searchinger et al., 2008; Mello et al., 2014) . Changes in soil C stocks are usually not accounted for in any life cycle analysis (LCA) of sugarcane plantation, but have a large impact on the results (AndersonTeixeira et al., 2009 ). Thus, inclusion of the LUC-induced emissions into GHG balance of sugarcane cultivation should be a high priority in the ethanol production chain (Bordonal et al., 2015) .
An important management issue is the knowledge about the extent of soil C dynamics when diverse agricultural systems are converted into sugarcane plantation. Regional changes on coverage and land-use driven by sugarcane expansion may affect the biogeochemical cycles, including soil C stocks and GHG emissions (Don et al., 2012; Mello et al., 2014) . Soil can be a sink or source of C depending on the LUC and management practices (Batlle-Bayer et al., 2010) , and its quality is an important indicator for assessing the environmental sustainability of widely expanded sugarcane plantation in Brazil .
Previous studies under tropical soils in central-southern Brazil have shown that conversions from native vegetation to sugarcane and from pasture to sugarcane deplete the soil C stocks Franco et al., 2015) . On the other hand, higher C stocks have been observed upon conversion of cropland to sugarcane . Although the effects of LUC on soil C stocks have been reported by recent publications, the magnitude of quantitative and qualitative changes in SOC storage among contrasting land uses and management practices has not been widely studied for tropical soils under sugarcane expansion .
Storage and humification stage of SOC are considered essential to evaluating soil quality, and to determining qualitative and quantitative changes related to different land uses and management systems (Martins et al., 2015) . Several spectroscopic techniques have been used to assess the impact of land use and management systems on the quality of soil organic matter (SOM) in tropical and subtropical regions of Brazil (Dieckow et al., 2009; Tivet et al., 2013) . Laser-Induced Fluorescence Spectroscopy (LIFS) is a rapid, efficient and precise technique for the characterization of SOM (Santos et al., 2015) , and for the assessment of its humification level in bulk soil samples from different depths (Milori et al., 2006; Segnini et al., 2013; Tivet et al., 2013) . This technique can measure C content in a complex or rigid structure, such as aromatic and quinone groups in the bulk soil samples, in which higher fluorescence intensities are associated with greater humification levels (Martins et al., 2015) .
Therefore, field experiments are crucial to up scale the agrosystems responses to the impacts of LUC on C cycle at regional and national scales. The need for studies investigating quantitative changes in C stocks as well as the quality of SOM is an important step towards a better comprehension of the SOC stock responses to LUC and management practices associated with sugarcane expansion. The data of these experiments are essential for supporting public policies and decision making related to the land-use and management. This study is based on the hypothesis that: (i) LUC from perennial crops (e.g., coffee and citrus) and extensive pastures to sugarcane plantation results in depletions of soil C stock and its quality; and (ii) conversion of annual crops to sugarcane increases soil C stock and improves its quality. Thus, the objective of this study was to assess the changes in soil C stocks and in the humification index of SOM upon conversion of diverse land uses (coffee, citrus, annual crops and pasture) into sugarcane plantation in southern Brazil. The objective was also to identify the LUC that can be prioritized to ensure the sustainability of sugarcane expansion in Brazil.
Materials and methods

Description of the study areas
The experimental sites are located in the Mococa region, northeast of São Paulo (SP) state, southern Brazil (Fig. 1) (Thornthwaite, 1948) , which is tropical moist with an average annual temperature of 21 C. The mean annual precipitation is approximately 1500 mm and most rainfall is received between October and March with a relatively dry period between April and September. The native vegetation prior to growing the agricultural crops in the Mococa region is comprised of a transition of Cerrado biome, with a species-rich dense vegetation of shrubs and trees, being generically known as "cerrado sensu-stricto" (Roscoe et al., 2000) and normally associated with transitions of seasonal semi-deciduous forests (Oliveira Filho and Ratter, 2000) .
Experimental design and treatments
The paired-site experimental design is comprised of a farming system involving four situations of land-use conversion to sugarcane (e.g., paired areas), which were chosen as independent and are not comparable among themselves. Each paired area in the chronosequence approach was selected to be as similar as possible in all other attributes (e.g., climate, soil), but differing only in land uses. Fig. 2 summarizes major characteristics of paired comparison over time since the initial LUC and the historic land-use and management for each agricultural system of this specific chronosequence approach. The historic land-use and management for the agricultural systems prior to conversion into sugarcane is as follows: 1) Coffee -Coffea arabica L. cv. Catuaí was established at 3.5 Â 1 m spacing in 2002 after intensive soil tillage. Weed control in the inter-row zone was achieved for 8 years by using glyphosate without soil disturbance. In 2010, part of the area was converted into sugarcane; 2) Citrus -Citrus sinensis L. Osbeck was established at 6 Â 4 m spacing in 1994 after intensive soil tillage. Soil in the inter-row was covered with grass vegetation (Brachiaria spp.), which was mowed annually for 15 years without any soil disturbance. In 2009, part of this area was converted into sugarcane; 3) Annual crops -maize (Zea mays L.) was cultivated during the summer seasons and in rotation with vegetables such as onion (Allium cepa L.), sugar beet (Beta vulgaris) and carrot (Daucus carota). This area was under crop cultivation with intensive soil tillage (e.g., 2-3 times per year) for the past 9 years. In 2006, an adjacent area under the same land-use and management was converted into sugarcane; 4) Pasture -Brachiaria decumbens (Brachiaria decumbens stapf) was grown for more than 10 years. The site was a degraded pasture without management (e.g., fertilizers application) or any soil disturbance for the last 10 years. In 2005, part of the area was converted into sugarcane.
Estimation of dry biomass and C-input by each LU system
Crop residues input is also an important determinant of soil C dynamics associated with LUC induced by sugarcane expansion. The cropping systems generate large amounts of crop residues that are returned to soil annually in the form of new branches, leaves, twigs, straw, rhizomes and roots. Plant species can affect the magnitude of SOM dynamics in different ways because of variation in their quantity and quality of above-and belowground crop residues inputs. Therefore, estimations of the total inputs of aboveand belowground crop residues (on dry basis; Mg ha À1 year
À1
) as well as the cumulative biomass-C inputs (Mg C ha À1 ) were obtained from literature for all crops of the paired areas. The biomass-C input of each crop was estimated by multiplying the dry biomass (above-and belowground) by its respective C content, and Table 1 Total dry biomass (Mg ha À1 year À1 ) from above-and belowground compartments and the annual C inputs (between parenthesis) considered for each type of land use in our .3) 12.6 (5.5) 3.5 (1.8)/1.8 (0.9) 12.6 (5.5) 8.5 (3.6) -12.6 (5.5) 1.8 (0.9) -12.6 (5.5) Belowground 4.3 (2.1) 5.6 (1.9) 3.0 (1.5)/2.9 (1.4) 5.6 (1.9) 2.4 (0.9) 5.6 (1.9) 5.6 (1.9) 2.9 (1.4) 5.6 (1.9) 5.6 (1.9) Total dry biomass 8.8 (4.4) 18.2 (7.4) 6.5 (3.3)/4.7 (2.3) 18.2 (7.4) 10.9 (4.5) 5.6 (1.9) 18.2 (7.4) 4.7 (2.3) 5.6 (1.9) 18.2 (7. BH -pre-harvest burning (burned residues) and GH -green harvest without burning. a A default C fraction of 50% has been assumed to convert biomass dry matter into C content (Ronquim, 2007) . b The data of above-and belowground biomass were acquired from Campanha et al. (2007) and Defrenet et al. (2016) , respectively. c The data of above-and belowground components from sugarcane and annual crops (i.e., maize), and their respective C contents were obtained from Carvalho et al. (2016) . d Young citrus groves generate 2.3-4.7 Mg residue/season. Roots add 1.9-4.2 Mg residues to soil under the canopy. Thus, we have assumed an average value for above-and belowground biomass (Krishna, 2013) . e A degraded pasture with twenty years has been considered for above-(e.g., existing and deposited litter) and belowground (e.g., total root biomass) components (dos . In citrus area, the same C inputs have been assumed for soil cover with grass vegetation (Brachiaria spp.) in the inter-row zone. f Sugarcane under green mechanized harvest (non-burning) during 3 years and manual harvest with burning for 4 years. g Sugarcane under manual harvest with burning during 6 years and green mechanized harvest (non-burning) for 2 years.
therefore the cumulative C inputs were calculated as the sum of annual C input considering the specific period of each paired site. Details of the total dry biomass (above-and belowground) production, and the respective C inputs contributed by each crop in the paired sites are summarized in Table 1 .
Soil type and physical attributes of each paired area
With focus on the process of LUC (i.e., coffee, citrus, annual crop and pasture) to sugarcane plantation, the selection criteria were based on the availability of: information on historic land-use, reference or baseline areas with similar edaphoclimatic conditions (i.e., topography, weather and soil type) and, of sugarcane plantation in close proximity. A summary of the soil characterization (soil type, bulk density and particle size fraction) for each paired area is shown in Table 2 .
Soil sampling and analysis
Soil samples were collected in April 2013 for four paired areas, representing land-use conversion of: (1) coffee, (2) citrus, (3) annual crops and (4) pasture into sugarcane plantation. Composite soil samples were obtained randomly from between the crop rows at five spatial replicates within each area and at four soil depths (0-10, 10-20, 20-60 and 60-100 cm), with a total of 20 samples per area or 40 samples for each comparison pair. Soil samples were analyzed for total C content, soil bulk density (r b ) and humification index (H LIFS ) of SOM. Soil sampling, sample preparation, and storage pending analyses followed the protocol established by EMBRAPA (1997).
Soil r b was determined on undisturbed samples collected by a core sampler with core size of 5.0 cm in internal diameter and 4.0 cm in height (EMBRAPA, 1997) . Soil in undisturbed core samples was composited for evaluation of the dry soil weight (105 C). After air-drying and gentle grinding, soil samples were sieved through a 2-mm sieve. 10 g of each sample was finely ground and sieved through a 0.25-mm sieve for measurements in duplicate. Soil r b was calculated by dividing the dry weight by the core volume (Blake and Hartge, 1986) , and the total C content was determined by the dry combustion method using a Carbon Analyzer-LECO model CR 41 (Nelson and Sommers, 1982) .
Soil C stock calculation
In addition to the total C content, soil C stocks were also calculated for all soil depths (0-10, 10-20, 20-60 and 60-100 cm) by multiplying the C content by the soil r b and the layer thickness.
Stocks of C for the 0-20 and 0-100 cm layers were calculated as the sum of the stocks for each sampled depth. As samples were collected from fixed layers, soil C stocks were also computed on equal mass basis to account for variations in r b after LUC (Ellert and Bettany, 1995) . To calculate the C stocks for an equivalent soil mass, the depth of the sugarcane areas was adjusted, i.e., the depth of the sugarcane areas containing the same soil mass as the corresponding layer in area before LUC (e.g., baseline areas: coffee, citrus, annual crop and pasture). Detailed information regarding the calculation of soil C stocks for an equivalent soil mass is given by Carvalho et al. (2009) .
Annual rates of soil C loss/accumulation
The annual rates of C loss or gains associated with LUC of diverse agricultural systems (e.g., coffee, citrus, annual crop and pasture) into sugarcane plantation were calculated for the 0-20 Table 2 Soil characterization and physical attributes at the different soil depths (0-10, 10-20, 20-60, 60-100 cm) of the paired areas associated with conversions of diverse agrosystems (i.e., coffee, citrus, annual crop and pasture) into sugarcane plantation in southern Brazil. Values represent the mean values of five replicates AE standard deviation. and 0-100 cm depths by using Eq. (1). Positive values indicate a soil C stock accumulation and negative soil C stock depletion.
where, C loss/accumulation is the annual rate of soil C loss or accumulation following the LUC (Mg C ha À1 year À1 ), C current is the C stock under sugarcane plantation after LUC (Mg C ha
À1
), C reference is the referential C stock before LUC (Mg C ha À1 ), and T LUC is the time since the initial LUC (years).
Humification index assessed by Laser-Induced Fluorescence Spectroscopy
The humification of SOM was assessed by using the LIFS technique (Milori et al., 2006) . The portable LIFS system is a labmade equipment developed by Brazilian Agricultural Research Corporation -Embrapa Instrumentation. It comprises of a diode laser (Coherent -CUBE) emitting at 405 nm (50 mW), an optical shutter, a bifurcated optical fiber bundle with seven optical fibers in a stainless steel ferrule: six illumination fibers around one read fiber (Ocean Optics), a high sensitivity mini-spectrometer (USB4000 -Ocean Optics), an adjustable optical filter, and a notebook. The resolution of the system was around 10 nm for all acquisition ranges (475-800 nm). In addition, software was developed to control the laser, the shutter, and spectrometer parameters such as integration time and number of averages for each measurement (Santos et al., 2015) .
The measurements were done in triplicate for each soil sample and data were acquired according to the procedures described by Santos et al. (2015) . The ratio between the area under fluorescence emission spectrum (range 475 and 800 nm) and C concentration (in g kg À1 ) for each sample was considered as an indicator of humification of SOM (H LIFS ), being expressed in arbitrary units (a. u.).
Statistical analysis
The statistical analysis of data was done according to a completely randomized sampling design, with the assumption that each paired-site had the same topographic and edaphoclimatic conditions. These areas are located side-by-side and therefore represent a chronosequence of the agricultural area. Assessment of the land use effects on total C content, soil C stocks and humification index was done by a two-sample t-test (p < 0.05). The t-test was used to compare a long-established crop (reference land-use) versus a sugarcane plantation established after the LUC for soil sampled from different depths (0-10, 10-20, 20-60 and 60-100 cm) of the four paired areas. The two-sample t-test assumes that samples in each paired-site are obtained at random from normal population with equal variances. Therefore, the normality of data was confirmed by the Shapiro-Wilk test at 5% of significance. The data of humification index (H LIFS ) were logtransformed to achieve the normality. To test the hypothesis of equality between the variances for each paired area, the F test was used at 5% probability level. The pooled variance was used to estimate the variance in case of non-rejection of the hypothesis of variance equality. Otherwise, the Satterthwaite approximation to the degrees of freedom was used in case of non-equality. All statistical analyses were performed using R software (R Development Core Team, 2015).
Results
Total C content and soil C stocks
The data on total C concentrations (g kg À1 ) for four soil depths (0-10, 10-20, 20-60 and 60-100 cm) of the paired areas are shown in Fig. 3 . The difference in the total C concentration was significant (p < 0.05) in the 20-60 cm soil layer upon conversion of coffee into sugarcane. Greater differences in total C concentration in sub-soil are observed upon conversion of citrus into sugarcane in comparison with those for coffee to sugarcane, which does not have any soil cover in the inter-row zone (see Section 2.2). The LUC of citrus to sugarcane resulted in a significant change (p < 0.05) in C concentration in 10-20, 20-60 and 60-100 cm layers. Regarding the transition of annual crop to sugarcane, there was no difference (p > 0.05) in soil C concentration among land uses at any soil depths. Conversely, SOC concentration was significantly (p < 0.05) lower in the upper soil layers (0-10 and 10-20 cm) under sugarcane than that of the adjacent pasture area. Considering the C concentration along the soil profile, decline of SOC was observed below 10 cm depth for almost all land uses of the paired areas (Fig. 3) . The overall effects of the LUC (conversions of coffee, citrus, annual crop and pasture into sugarcane) on soil C stocks at different depths (0-10, 10-20, 20-60 and 60-100 cm) and in the equivalent layers (0-20 and 0-100 cm) are shown in Table 3 . Soil C stocks had a similar response relative to C concentration at all depths. Effects of neither of the LUCs (e.g., coffee, citrus and annual crop) to sugarcane were statistically significant (p > 0.05) in the 0-20 cm soil layer. Conversion of coffee and citrus resulted in loss of soil C at the rate of 0.12 and 0.90 Mg C ha À1 year
À1
, respectively. On the contrary, a soil C accumulation rate of 0.24 Mg C ha À1 year À1 in the 0-20 cm layer was observed upon conversion of annual crops into sugarcane.
The conversion of pasture into sugarcane decreased soil C stock from 30.3 to 17.0 Mg C ha À1 (43.9%) in the 0-20 cm layer (p < 0.05), with a mean rate of soil C loss of 1.66 Mg C ha À1 year À1 (Table 3) .
Nevertheless, C stocks in the sub-soil layers were not affected by LUC and management practices. There was no statistically significant difference (p > 0.05) in soil C stocks among land uses under pasture and sugarcane established after pasture in the 0-100 cm layer. These trends indicate that sub-soil layers can retain more of the antecedent C stocks following the land-use conversion. In this case, soil C was lost at the rate of 2.03 Mg C ha À1 year À1 in the 0-100 cm layer (Table 3) . Conversion of coffee to sugarcane depleted soil C stock from 124.5 to 99. years. In contrast to the LUC of coffee and citrus, there was no significant difference in soil C stocks in the 0-100 cm layer when sugarcane followed an annual crop (p > 0.05). Conversion of annual crop to sugarcane depleted soil C stock at the rate of 0.98 Mg C ha À1 year À1 in the 0-100 cm layer (Table 3) .
SOM humification level (H LIFS )
Similar to soil C stocks, assessment of the H LIFS is also important to determining management-induced changes in SOM quality. The data presented in Fig. 4 compare the H LIFS of SOM among land uses and soil depths. Each paired area being under the same soil type and climatic conditions, it was observed that most of the LUC to sugarcane under intensive tillage increased H LIFS in the sub-soil, except in the pasture area (p < 0.05). The H LIFS for some depths was more than doubled in specific land uses under sugarcane in comparison with the previous land uses (p < 0.05). This trend was especially true for conversions of coffee and citrus to sugarcane. Soil under pasture had lower H LIFS in the 0-10 and 10-20 cm layers compared with that under sugarcane established on pasture (p < 0.05), and there was no difference in H LIFS in sub-soil (p > 0.05).
Total C content decreased with increase in soil depth (Fig. 3) , a trend opposite to that of H LIFS with soil depth (Fig. 4) . In general, land-use systems had a smooth gradient of H LIFS , which increased with soil depth. Most of the LUC (especially coffee, citrus and pasture) to sugarcane plantation under intensive tillage are depleting the soil C stock, which is in accord with the humification level of SOM observed herein. 4. Discussion
Changes in SOC storage induced by sugarcane expansion
The absence of soil disturbance in the inter-rows over the last 8 and 15 years is likely the principal factor affecting the soil C debts upon conversion of coffee and citrus into sugarcane, respectively ( Fig. 2; Table 3 ). Establishing sugarcane fields involves an intensive land preparation that causes substantial soil disturbance. Disruption of soil aggregates induced by conventional tillage (e.g., ploughing and/or harrowing) and the subsequent exposure of organic material to microbial processes exacerbates the depletion of SOC (Six et al., 1999) . Experimental results from sugarcane fields indicate that soil CO 2 emissions may be as much as 8.4 Mg CO 2 ha À1 for several weeks after tillage operations during the renewal of the sugarcane plantation (La Scala et al., 2006) . This trend implies that most of the soil C accumulated for several years can be lost when citrus and coffee are converted into sugarcane under conventional tillage. Such losses are especially high because sugarcane was recently converted from coffee and citrus. Therefore, it is important to be prudent in stating that soil C debts occur at high rates over short-term (e.g., 3 and 4 years) after conversions. Further research is needed to elucidate the impact of sugarcane expansion on soil C stocks during long periods upon conversion of perennial trees into sugarcane plantations.
Despite being in close proximity to sugarcane established on coffee, the paired area under coffee also has around 30% more clay content than that of the adjacent sugarcane area (Table 2) . There exists a strong interaction between clay fraction and SOC, so that clay particles tend to form aggregates that physically protect SOC from decomposition (Schimel et al., 1994) . Thus, lower SOC stocks in sugarcane established on coffee may be attributed to the coarse texture of the soil, indicating that the impact of replanting operations on sandy soils would be more pronounced (Cerri et al., 2011) .
Higher total C concentrations under coffee agrosystem may also be related to inter-row weed control by herbicides without any soil disturbance (see Section 2.2) as well as the high input of biomass-C in sub-soil through input of dead roots (Bicalho, 2011) . Root distribution in a coffee plantation is relatively homogenous in the top 60 cm of soil (Hergoualc'h et al., 2012) , in which are concentrated 75% of the total fine root biomass of the top 100 cm depth (Siles et al., 2010) . In this study, coffee agrosystem provided a cumulative biomass-C input of 35.2 Mg C ha À1 (aboveand belowground) over 8 years and without soil disturbance (Table 1 ; Fig. 2 ). Therefore, root distribution and activity may determine the enrichment of soil C stock (Hergoualc'h et al., 2012) . The maintenance of the soil cover with grass (Brachiaria spp.) in the inter-rows and without any soil disturbance is also an important factor for increasing SOC storage under citrus compared with that under sugarcane established after citrus. Soil under citrus (with grass in the inter-row) had large amounts of biomass-C input (49.5 + 34.4 Mg C ha À1 over 15 years) compared with that of the adjacent sugarcane area (29.6 Mg C ha À1 over 4 years) (Table 1) .
After evaluating the effect of a 6-year period of permanent cover species between the citrus trees, Balota and Auler (2011) reported that strip tillage with Brachiaria spp. increased SOC by up to 70% in the inter-row zone compared to the antecedent value. Reduction in the intensity of soil disturbance associated with cover species between the trees in perennial crop systems can change soil aggregation, and residue amounts and rooting depth, thereby affecting soil microbial diversity and C concentration (Dick, 1992; Balota and Auler, 2011) . Similarly, the aggregate stability is improved within the rhizosphere, which produces high levels of macroaggregation (Bronick and Lal, 2005) . Perennial tree crops (e.g., citrus and coffee) have a deeper root biomass compared to that under sugarcane, which strongly impacts soil aggregation and SOC levels (Bicalho, 2011) . This is a high researchable priority. The data presented show no differences in any soil layer (0-20 and 0-100 cm) when annual crops were converted into sugarcane. In contrast, Mello et al. (2014) reported that conversion of annual cropland to sugarcane increased soil C stocks (0-100 cm) from 126.7 to 148.2 Mg C ha À1 (17%) over 20-year. However, such increases have not been a consensus among 13 comparison pairs, since the soil C stocks increased in seven sites following conversion to sugarcane, whereas six sites decreased. The apparent contradiction between the results reported herein and those by Mello and colleagues may be attributable to specific soil type, climate conditions and agricultural practices. In this study, the annual crop area was under intensive soil tillage in the last years of cultivation (e.g., 2-3 times per year), whereas soils under sugarcane were tilled twice over 7 years after replacing an annual crop (Fig. 2) . Furthermore, the harvest residues were not returned to the soil in the sugarcane converted from annual crop during the last 4 years, thereby resulting in lower amounts of biomass-C input (29.8 Mg C ha
À1
) compared to those under annual crop (40.5 Mg C ha À1 ) (Table 1) . Among several factors influencing soil C stock with LUC, the effects of management practices (e.g., tillage operations and crop residue management) are among principal causes of changes in soil C stocks at several sites (Murty et al., 2002; Anderson-Teixeira et al., 2009) . Decline in SOC concentration in the surface layers when sugarcane followed pasture is attributed to a high rate of SOM decomposition, which is accentuated by soil disturbance during the planting operation (La Scala et al., 2006; Silva-Olaya et al., 2013; De Figueiredo et al., 2015) . The intensity of tillage operations enhances the interaction between SOM and oxygen diffusion, as well as induces the aggregates breakdown, thereby increasing the exposure of the protected SOM (Silveira et al., 2000; Murty et al., 2002) . Conversely, tillage is absent in pastures for long periods . Furthermore, soils in those paired areas (pasture vs. sugarcane established on pasture) have a sandy texture (Table 2) , which is more prone to losing C that is not protected within aggregates (Dieckow et al., 2009) . Thus, soil C depletion would be accentuated by tillage operations following the conversion to sugarcane plantation.
In accord with previous studies (Rossi et al., 2013; Mello et al., 2014; Franco et al., 2015) , the lack of soil disturbance in pasture over the last 10 years and the adoption of burned harvest system during 6 years in sugarcane established on pasture may explain higher C stocks under pasture than that under adjacent sugarcane area (Fig. 2) . However, significant differences were observed only in the upper 20 cm of soil (Table 3) . These data are in accord with those of Franco et al. (2015) who reported average losses in soil C stock of 29.1 Mg C ha À1 (40%) in the 0-30 cm layer over 20 years upon conversion from pasture to sugarcane in a soil of the Brazilian Cerrado region. This period included more than 10 years under burned harvest management, which severely depletes soil C stocks (Robertson and Thorburn, 2007; Galdos et al., 2009) . In some cases, soils under sugarcane could have similar or larger C stocks than those under pasture, depending on the status of pasture degradation, the time since land-use conversion and the adoption of best management practices in sugarcane fields (e.g., green cane management, reduced tillage and no-till). Considering those sugarcane areas which have been harvested without burning since their establishment, Oliveira et al. (2016) reported that conversion of pasture to sugarcane increased soil C stock from 95.5 to 111.6 Mg ha À1 (1.97 Mg ha À1 year À1 ) for the 0-100 cm layer.
Oliveira and colleagues also concluded that SOM assessments restricted to the surface soil layers can lead to a bias in studies regarding LUC, since there was no difference in the upper layers of soil. Osher et al. (2003) reported that some of the C depleted in the topsoil under a sugarcane plantation was translocated into the subsoil, and concluded that the loss of C upon land-use conversion can be overestimated if gains in the sub-soil are not considered. Similar discrepancy was observed in the present study for conversion of pasture to sugarcane, in which a soil C depletion was significant (p < 0.05) only for the 0-20 cm layer. There were no differences in soil C stocks for the 0-100 cm layer (Table 3) , indicating the need for considering the changes in soil C stocks in sub-soil layers to credibly assess the impacts of LUC on C budgets in agroecosystems (Batlle-Bayer et al., 2010; Oliveira et al., 2016) .
While inappropriate management practices may deplete soil C stocks, adoption of best management practices can reduce soil C losses upon conversion of pasture into sugarcane (Batlle-Bayer et al., 2010) . Higher C stocks are likely to be expected in this study whether sugarcane areas were converted from pasture under a green cane management. Canellas et al. (2007) observed that the straw burning in sugarcane fields over 55 years decreased soil C stock by 40% in the topsoil and 35% in sub-soil compared with a green cane management (i.e., non-burning). Consequently, the longer the period of time with stalk burning management, the greater are the losses of soil C stocks (Rossi et al., 2013) .
There exists a vast potential for soil C accretion in sugarcane fields through adoption of green cane management (Cerri et al., 2011) . La Scala et al. (2012) reported that green harvest system (non-burning practice) can sequester as much as 1.87 AE 0.20 Mg C ha À1 year À1 in topsoil compared with that under the burning practice prior to harvest. However, the simple conversion of sugarcane fields from burned to green harvest system does not guarantee significant increases in soil C stocks over time. Tillage operations in sugarcane accentuate soil CO 2 -C emissions during field preparation (La Scala et al., 2006; Silva-Olaya et al., 2013) , which is conducted typically every five to six years after planting. In a 7-year study, Segnini et al. (2013) isolated the impacts of the maintenance of straw on the soil surface and tillage operations during sugarcane renovation. The authors observed that adoption of green cane and conventional tillage accumulated 0.67 Mg C ha À1 year À1 compared with 1.63 Mg C ha À1 year À1 of sequestration under green cane and no-till. The sugarcane straw (i.e., 10-20 Mg ha À1 of dry matter) left on the ground under no-till can create a favorable long-term soil C budget in sugarcane fields (Anderson-Teixeira et al., 2009) , so that the total eradication of straw burning plus the introduction of sugarcane into pastures with low C contents are key opportunities to further enhance the C savings of Brazilian sugarcane ethanol (Oliveira et al., 2016) . The data presented herein suggest that converting coffee and citrus into sugarcane leads to large soil C losses that may counteract the benefits of fossil fuel displacement.
Considering an ethanol C offset of 9.8 Mg CO 2 ha À1 year À1 by substituting fossil fuels (Fargione et al., 2008) , the magnitude of soil C debt would take around 9 and 13 years to recover upon conversion of coffee and citrus into sugarcane, respectively. Therefore, it is imperative to avoid converting citrus and coffee into sugarcane as an important strategy to ensure the environmental benefits of sugarcane ethanol in Brazil.
Sugarcane expansion and implications for SOM quality
The data of humification index (H LIFS ) are coherent with those of C stocks, suggesting that lower H LIFS is related to higher C concentration and vice versa. C concentrations in sub-soil are lower, more stabilized and bound with clay particles forming a humus-clay complex in relation to those in the topsoil (Martins et al., 2011) . In this context, H LIFS increased from the surface to the deepest layers for most of the land-use types. Such a trend is likely to be related to the presence of labile C in the 0-10 and 10-20 cm soil layers. The constant deposition of fresh organic matter from sugarcane straw (e.g., green harvest system) and the inputs of senesced leaves and dead roots in pasture area overwhelm the capacity of microorganisms to decompose them (Segnini et al., 2013) , thereby resulting in a less aromatic or less humified humic substances (Milori et al., 2006) . Fontaine et al. (2007) reported that the stability of organic C is maintained with the absence of fresh organic C in sub-soil, which is an essential source of energy for soil microbes. In these circumstances, there is further decomposition of humic substances by microorganisms (González-Pérez et al., 2007) , which increases the degree of aromaticity and humification.
When sugarcane replaced coffee and citrus (Fig. 4) , there was an incidence of a more condensed/aromatic character for organic matter in sub-soil (e.g., humification process), which could be associated with higher occurrence of more physically protected structures in deeper layers (Martins et al., 2015 ). In addition, higher H LIFS in sub-soil is likely to be related to the illuviation of humic substances from surface into the sub-soil (Krull et al., 2002) , indicating a more humified SOM and a less labile structure with soil depth. Higher clay content in soils under coffee also explains the lesser humification of SOM than that of the adjacent sugarcane area (Dieckow et al., 2009; Martins et al., 2011) , which has around 30% less clay content (Table 2) .
Lower H LIFS in sub-soil under coffee and citrus compared with soil under sugarcane could be attributable to vigorous root system of perennial tree crops. Similar to the deep-rooted grasses, perennial tree crops (e.g., coffee and citrus) also have a deep root system, and transfer C into the sub-soil which is less prone to oxidation and loss (Fisher et al., 1994) . Roots are thus major contributors to stable SOM build-up, especially in deep soil layers (Rasse et al., 2005) . Furthermore, the maintenance of the soil cover with grass (Brachiaria spp.) in the inter-rows may have led to lower H LIFS (i.e., 10-20 cm; Fig. 4 ) in soils under citrus compared with those under sugarcane (Martins et al., 2015) . Although sugarcane straw is being left on the soil surface, it is apparent that the current management of sugarcane established on coffee and citrus is not incorporating C and fresh organic matter into the soil solum.
Tillage systems also influence SOM dynamics and its quality (Bayer et al., 2002) . Enhanced soil aggregation and the incorporation of labile organic compounds in aggregates are positively correlated with those in undisturbed soils plus the maintenance of crop residues on the soil surface (Tivet et al., 2013) . Although the retention of crop residues seems to be an efficient pathway for restoring soil C stock, Segnini et al. (2013) reported that the incorporation of sugarcane straw under conventional tillage did not improve soil C accumulation and its quality. The organic matter in soils managed by conventional tillage is more recalcitrant than that in soils managed with no-till, and therefore have higher H LIFS in its SOM (Milori et al., 2006; González-Pérez et al., 2007; Dieckow et al., 2009 ).
Converting pastures into sugarcane would promote high oxidation in the labile organic compounds due to soil disturbance (e.g., ploughing and/or harrowing), and therefore there is a greater proportion of more recalcitrant structures in total SOM. In the present study, pasture had no soil disturbance over the last 10 years (Fig. 2) , and thus lower H LIFS in the surface soil is expected compared with that of the adjacent sugarcane area (Fig. 4) . This trend also indicates that some other protection mechanisms (e.g., physical protection in aggregates) are not effective in protecting the most labile fractions of the organic matter in soils under sugarcane (Milori et al., 2006) . High structural stability under pasture improves the labile moieties of SOM through physical protection mechanism, which leads to lower humification of SOM . Results presented herein are in agreement with those of Rossi et al. (2013) and Franco et al. (2015) , indicating a more intensive decomposition of SOM through tillage operations and a possible accumulation of more recalcitrant C related to sugarcane expansion.
While the most recalcitrant structures of SOM tend to remain under higher tillage intensities and lower residues inputs (Segnini et al., 2013) , a higher C input from crop residues increases labile C in the SOM, decreasing its humification degree (Raphael et al., 2016) . However, it is important to be cautious in stating that higher C inputs lead to decreased H LIFS . Conventional tillage operations in sugarcane invert the soil and bury crop residues, which increase the interaction of fresh residues with high oxygenation and stimulate the mineralization of labile C fraction present in SOM, and therefore it attains more advanced oxidation stages (Bayer et al., 2002; Fontaine et al., 2007) . On the other hand, the microbial metabolization capacity can be exceeded with high additions of crop residues under no-till, which would be partially decomposed, thereby resulting in a less humified organic matter (Bayer et al., 2002) . It is evident therefore that the short-term maintenance of sugarcane straw on the soil surface was not long enough to improve soil C accumulation and reverse the increased oxidation level of SOM induced by conventional tillage (e.g., planting operations) upon conversion of pasture into sugarcane.
Conclusions
Land use change leads to large variations in soil C stocks associated with sugarcane expansion in southern Brazil. Conversions from coffee and citrus to sugarcane plantation significantly depleted soil C stock for the 0-100 cm layer in short-term. The conversion of pasture to sugarcane is comparatively less adverse in terms of soil C losses, depleting C stocks only for the 0-20 cm layer. This evidence highlights the need of assessing the soil C stock for the entire profile to credibly quantify the impacts of LUC on soil C budget in agroecosystems. There was no difference in soil C stock among land uses at any soil depths upon conversion of annual crop to sugarcane, which does not support the hypothesis that such transition increases soil C stock and therefore its quality.
Overall, humification stages of SOM had a smooth gradient from the top to the deepest layers for most of the land-use systems, increasing with soil depth. The magnitude of H LIFS indicated that the sugarcane expansion increased oxidation stages of SOM in subsoil for most of the evaluated pairs (e.g., coffee and citrus), except in pasture area, which had lower humification level in the surface layers of soil compared to that under sugarcane established on pasture. Therefore, it is prudent to avoid converting citrus and coffee into sugarcane plantation. Additional research is needed to validate these findings for considering the introduction of sugarcane into pastures with low C contents as an opportunity to further enhance the environmental benefits of sugarcane-based ethanol.
